The effect of staging (n≤ 3) on the two-dimensional (2D) Fermi surface of PdAl 2 Cl 8 acceptortype graphite intercalation compounds (GICs) has been investigated by the Shubnikov-de Haas effect. For the stage 1 and stage 2 compounds, one and two fundamental frequencies are observed, respectively. The measured angular variation of the fundamental frequencies confirms the 2D nature of the stage 1-2 compounds. The energy spectrum is adequately described by the Blinowski-Rigaux 2D band structure model. We extract values for the intraplane carbon-carbon interaction parameter γ 0 of 2.94 eV and 2.60 eV for the stage 1 and stage 2 compound, respectively. For the stage 3 compound, the Blinowski-Rigaux model no longer applies and clear deviations from the 2D behavior are found. For one of the fundamental frequencies we find that the Fermi surface is a weakly undulating cylinder. The undulation is attributed to additional interactions between the graphite subsets across the intercalant layers, with an energy parameter t= 5.6 meV.
I. INTRODUCTION
The staging phenomenon is an intriguing property of graphite intercalation compounds (GICs). The possibility to insert many different atoms or chemicals in between the graphite layers is the result of an intricate balance between the interlayer Van der Waals binding forces and the elastostatic energy due to the charge transfer between host and intercalate. Over the past years many different GICs have been synthesized and characterized [1] [2] [3] . GICs show a variety of interesting materials properties, such as superconductivity, complex magnetic ground states and high conductivities combined with low specific weights. Furthermore, GICs offer interesting perspectives to study fundamental issues like charge transfer and dimensionality crossover effects.
In this paper we concentrate on a series of low stage (stage number n≤ 3) PdAl 2 Cl 8 acceptor-type GICs. Due to charge transfer from the carbon layers to the intercalant layers, the free carriers in the carbon layers are holes. The carrier densities in PdAl 2 Cl 8 GICs amount tõ 1x10 27 m -3 , which is a factor ~1000 higher than in pure graphite. Our choice of investigating PdAl 2 Cl 8 GICs is motivated by the strongly anisotropic electronic parameters for the stage 1 compound reported by Polo and co-workers 4 . Notably, the anisotropy ratio in the electrical conductivity σ a /σ c (where σ a is the in-plane conductivity and σ c the conductivity along the hexagonal axis) is extremely high: 1-2×10 6 at T= 4.2 K, compared to a value of 10 4 in pure graphite. This extremely high anisotropy ratio is comparable to that reported 5 for stage 1 and 2
AsF 5 GICs and, consequently, the Fermi surface and energy spectrum should be strictly twodimensional (2D). The possibility of preparing low stage (n≤ 3) PdAl 2 Cl 8 GICs in a pure and quasi single-crystalline form enables us to study the energy spectrum as a function of the stage number and to investigate dimensionality crossover effects. Detailed knowledge of the electronic band structure, such as the Fermi surface, effective mass and carrier concentration, is of significant importance for understanding the unusual properties of GICs.
The aim of our work is to determine the band structure of stage 1-3 PdAl 2 Cl 8 GICs by means of the Shubnikov-de Haas (SdH) effect and to analyze the results within the framework of the 2D band structure model proposed by Blinowski and co-workers 6 . In the BlinowskiRigaux (BR) model GICs are treated as stacks of independent subsets of n graphite layers bound by intercalant layers. Using a tight-binding method, which takes only the neighboring carbon interactions within the graphite subsets into account, the energy spectrum is calculated 
III. EXPERIMENTAL RESULTS
The primary results of our magnetoresistance experiments on the stage 1-3 PdAl 2 Cl 8 GICs are presented in Figs.1-3 . For all three stages, we measured several samples taken from different batches. For the stage 1 and 2 compounds small differences, of the order of 1-2%, were found in certain SdH frequencies, which we attribute to small differences in carrier density due to small differences in chemical composition and charge transfer. The reproducibility of the data confirms that the SdH frequencies present the intrinsic properties of the stage 1-3 compounds.
In Table I we have collected a number of relevant parameters deduced from the SdH data. The indicated frequencies were obtained by averaging over different samples.
In Fig.1 proper Hall data, we are confident that our SdH data disclose the complete Fermi surface. The
SdH data of the stage 1-2 compounds can be well accounted for in the Blinowski-Rigaux band structure model (see section IV).
In Fig.2 we show the experimental data for the stage 2 compound taken at T= 4.2 K. Nonmonochromatic SdH oscillations appear for B> 10 T. The Fourier transform of the data is shown in the inset. We observe six frequencies, labelled F 1 -F 6 . In Fig.3 we show the magnetoresistance of the stage 3 compound measured at T= 1.5 K. In the inset the Fourier transform of the SdH data is shown. One strong frequency component and a number of weaker components can be observed. In section IV we offer an explanation for the observed Fourier spectra.
The angular dependence of the SdH frequencies was measured for the stage 1-3 compounds at T= 4.2 K. For the stage 1 and 2 GICs, we could observe the SdH effect up to an angle θ of ~25°. For both stages, the fundamental frequency F 1 followed the relation compound we only determined the effective mass for the frequency components F 2 and F 4 (see Table I ).
IV. ANALYSIS AND DISCUSSION

A. Stage 1 compound
In acceptor-type GICs, strong anisotropy in the electrical conductivity is often observed 11 , which led Blinowski and co-workers 6 to propose a two-dimensional band structure. In the BR model the stage 1 GIC is treated as a collection of equivalent independent subsystems consisting of a graphene layer sandwiched between two intercalant layers. Electron transfer from the carbon atoms to the acceptor intercalant results in free holes in the graphene layer.
The BR model makes use of a tight binding method, taking into account interactions between nearest neighbor carbon atoms. For the stage 1 compound the band structure corresponds to the 2D band structure of graphite 12 with the in-plane interactions between nearest neighbor carbon atoms taken into account only. In the vicinity of the Brillouin zone edge (K-point) the energy dispersion law becomes a linear function of the wave number k:
Here γ 0 is a parameter which describes the carbon nearest-neighbor interaction energy, as defined by the resonance integral for the overlap of the wave functions at neighboring carbon atoms, and b (= 1.42 Å) is the carbon nearest-neighbor distance. The subscripts c and v label the conduction and valence bands, respectively. The Fermi energy is given by:
where S= πk F 2 is the extremal Fermi surface cross-section, which in turn can be calculated from the measured frequency F of the SdH oscillation, S= (2πe/h)F. The cyclotron effective mass is expressed in the Fermi energy as follows:
The observation of a single fundamental frequency 
B. Stage 2 compound
In order to calculate the band structure of the stage 2 GIC, Blinowski et al. 6 
The Fermi energy is expressed as
where the plus (minus) sign is for the largest (smallest) extremal Fermi surface cross section, and the effective masses are given by:
The BR model predicts the observation of one or two extremal Fermi surface cross sections, depending on whether |E F |<γ 1 or |E F |>γ 1 . However, the Fourier spectrum of the stage 2
PdAl 2 Cl 8 compound shows six frequencies (see inset in Fig.2 and Table I ), which suggests that some frequencies must be attributed to higher harmonics and sum or difference frequencies. By comparing the values of the six frequencies listed in with two unknown parameters) we calculate γ 0 = 2.6 eV and E F = -0.89 eV (see Table I ). The resulting band structure in the vicinity of the K-point is shown in Fig.6 . The calculated value γ 0 = 2.6 eV is smaller than that determined for the stage 1 sample (2.94 eV). This cannot be understood on simple grounds, as we expect screening of the atomic potential to be less 
C. Stage 3 compound
The stage 3 compound can be treated as consisting of independent sets of three graphene layers bound by intercalant layers. A major difference with respect to the stage 2 compound is that electrostatic effects due to the excess charge in the graphene layers have to be taken into account. Different excess charge accumulates in the middle and outer graphene layers, and they are therefore no longer equivalent. This affects the electrostatic potential in the graphite subset and hence the band structure. In the BR model the difference in charge distribution in the middle and outer graphite layers is taken into account by an extra band parameter δ, which describes the resulting potential energy difference. 
In the BR model 6 the number of observable SdH frequencies depends on the relative values of E F , γ 1 and δ, but is three at the most. However, the Fourier transform (see the inset in Fig.3 and Table I ) reveals the presence of at least 6 frequencies. Because of its large amplitude F 4 = 506 T is beyond doubt a fundamental frequency, with F 6 = 1012 T as its second harmonic.
Inspecting the remaining values in Table I we conclude that the other two fundamental frequencies are F 2 = 138 T and F 5 = 574 T, while F 1 = F 5 -F 4 and F 3 = F 5 -F 2 are difference frequencies. At the moment we cannot offer a satisfactory explanation for the additional small peak in the Fourier transform at 771 T.
Accepting that the fundamental frequencies are F 2 , F 4 and F 5 , we next evaluate the interaction energies γ 0 and δ and the Fermi energy E F using eq.8, where we take γ 1 = 0.38 eV as for pure graphite. We calculate γ 0 = 1.3 eV, δ= 0.15 eV and E F = -0.62 eV (see Table I ). The calculated band structure is shown in Fig.6 . The resulting value of γ 0 is much lower than the values found for the stage 1-2 compounds and pure graphite and therefore seems unrealistic.
We conclude that the 2D BR model, although qualitatively correct, does not give an adequate description of the band structure of the stage 3 PdAl 2 Cl 8 GIC.
One of the possible reasons for the inadequacy of the BR model is that the stage 3 
where t is the interlayer (along the c-direction) transfer integral. The in-plane dispersion is assumed to be isotropic. From this expression, the angular dependence of the cross section S of the weakly undulated Fermi surface is deduced 16 :
where k F is the Fermi wave vector, I c is the repeat distance, k c 0 is the point in k-space where the cross sectional plane intersects the c-axis and J 0 (x) is the zero order Bessel function.
For the stage 3 GIC, we could follow the SdH oscillations up to θ= 35°, with a better resolution than for the stage 1-2 compounds. The angular variation of the most pronounced fundamental frequency F 4 is plotted in Fig.5 (open circles) . The dashed curve in Fig.5 describes the 1/cosθ dependence expected for a cylindrical Fermi surface. For θ> 15° a significant deviation from the 2D behavior is observed. The data are well represented by the angular variation of the smallest circular cross-section of an undulating cylinder as given by eq. (10) (see solid line in Fig.5 ). The interlayer energy t= 5.6 meV was used as a fit parameter.
The smallest and largest circular cross-section frequencies at θ= 0° equal 506 T and 553 T, respectively, while the fundamental frequency of the uncorrugated Fermi surface equals 527 T. In fact, the latter value was used instead of F 4 in the analysis of the data within the BR model. The smallest circular cross-section frequency gives the strongest peak in the Fourier spectrum (see inset in Fig.3) . A closer inspection of the Fourier spectrum shows that the largest circular cross-section frequency at 553 T is also observable, albeit as a very small peak (not listed in Table I The amplitude of the SdH oscillations decreases rapidly with increasing angle θ between the magnetic field and the c-axis. This prevents a study of the angular dependence of the SdH signal over a wide range. In the literature, this rapid decrease is sometimes attributed to enhanced scattering of holes at the intercalant layer. The idea is that upon rotation of the sample the Lorentz force drives the carriers more and more to the intercalant layer. Below, we
show that one does not need to evoke such a mechanism, as the angular dependence of the 
